Abstract Aim: To examine associations between periodontitis and developmental trajectories of glycated haemoglobin (HbA1c) during the third and fourth decades in an initially healthy sample. Materials and methods: HbA1c data collected at ages 26, 32 and 38 in the prospective Dunedin Multidisciplinary Health and Development Study were used to assign study members (n = 893) to trajectories applying group-based trajectory modelling (GBTM). The model allowed the statistical linking of baseline demographic, smoking and waist-height ratio covariates to group membership probability; and added a time-varying covariate (periodontitis) to the trajectories themselves to examine whether events that occurred during the course of the trajectory altered its course. Results: Three HbA1c trajectory groups were identified: "Low" (n = 98, 11.0%); "Medium" (n = 482, 54.0%); and "High" (n = 313, 35.0%) with mean HbA1c of 29.6, 34.1 and 38.7 mmol/mol, respectively, at age 38. Having periodontitis at 32 and 38 was associated with an upward shift in the trajectories. However, none of the associations were statistically significant. Conclusions: Periodontitis was not found to be associated with dysglycaemia over 12 years from early adulthood into early middle age. This suggests that any influence periodontitis may have on dysglycaemia develops later in life.
The possibility of periodontitis being a risk factor for dysglycaemia has been recognized for some time (Taylor et al. 1996 , Saito et al. 2004 , Demmer et al. 2010 , Morita et al. 2012 , Preshaw et al. 2012 , Borgnakke et al. 2013 . Most studies have focused on: participants who were already diabetic (or the study had diabetes incidence as an outcome) (Taylor et al. 1996 , Morita et al. 2012 ); middle-aged or older people (Saito et al. 2004 , Morita et al. 2012 ); or population-based samples with the full range of adult age groups (Taylor et al. 1996 , Demmer et al. 2010 . Only two studies have reported a temporal association whereby periodontitis preceded dysglycaemia or deterioration in glycated haemoglobin (HbA1c) levels (Demmer et al. 2010 , Morita et al. 2012 .
Moreover, what little research has been conducted to date on the associations between periodontitis and early dysglycaemia/pre-diabetes has all been cross-sectional (Saito et al. 2004 , Arora et al. 2014 , Lamster et al. 2014 , Kowall et al. 2015 . None has specifically examined associations in an initially healthy sample during their third and fourth decades (a potentially important time for intervention aimed at preventing progression to type 2 diabetes).
In addition, only a few studies have used glycated haemoglobin (HbA1c) to define or quantify dysglycaemia (Demmer et al. 2010 , Morita et al. 2012 , Lamster et al. 2014 ). This is a clear gap in the research, as HbA1c is increasingly being recommended and used for the screening and diagnosis of diabetes (The International Expert Committee, 2009; World Health Organization, 2011; American Diabetes Association, 2014) .
Accordingly, the objective of this study was to examine the influence of periodontitis on developmental trajectories of HbA1c identified using group-based trajectory modelling (GBTM) during the third and fourth decades of life in an initially healthy sample.
Material and Methods
This study used HbA1c and periodontal data collected during the age-26, age-32 and age-38 assessments of the Dunedin Multidisciplinary Health and Development Study (DMHDS) . The DMHDS is a longitudinal epidemiological study of a birth cohort of 1,037 children born at the Queen Mary Hospital, Dunedin, New Zealand between 1 April 1972 and 31 March 1973 (Poulton et al. 2015) . These 1037 children represent 91% of the 1139 eligible children; the 9% not included did not differ from the 91% with respect to sociodemographic and perinatal characteristics. The study has a very high retention rate (over 95% of the surviving cohort at each age), and a wealth of physical, mental and psychosocial data. Ethics approval for the study was granted by the Otago Research Ethics Committee, and participants gave informed consent.
HbA1c was measured during assessments at 26, 32 and 38 (Shearer et al. 2016 ). Blood samples collected at 26 and 32 were assayed using ion-exchange high performance liquid chromatography on a BioRad Variant II, and at 38 on a BioRad Variant II Turbo (Bio-Rad, Hercules, CA, USA). No HbA1c data were collected for pregnant women, and four individuals with known Type 1 diabetes were excluded from all analyses. In New Zealand, HbA1c is now exclusively reported using the International Federation of Clinical Chemistry (IFCC) SI units of mmol/mol (Braatvedt et al. 2012) . Therefore, we have reported findings in IFCC units and converted them to National Glycohaemoglobin Standardization Program (NGSP) % units using the master equation:
Periodontal examinations were conducted at ages 26, 32 and 38, with half-mouth examinations at age 26, but full-mouth examinations at ages 32 and 38. Third molars and implants were excluded from examination, and Study members with a history of cardiac valvular abnormalities or rheumatic fever were not examined. Three sites (mesiobuccal, buccal and distolingual) per tooth were examined using an NIDR probe (the Hu-Friedy PCP-2). All measurements were rounded down to the nearest whole millimetre. Two measures were recorded: gingival recession (GR; the distance in millimetres from the gingival margin to the cemento-enamel junction) and probing depth (PD; the distance from the gingival margin to the tip of the probe). GR was recorded as a negative where the gingival margin was situated more than 1 mm coronally to the cemento-enamel junction. The attachment loss (AL) for each site was computed by summing the GR and PD measurements. At age 26, dental examinations were conducted by three examiners who had been previously calibrated. Due to time limitations at age 26, periodontal measurements were made in only two quadrants; quadrants 1 and 3 for those whose study ID number was odd, and quadrants 2 and 4 for those whose study ID number was even. The mix of odd and even numbers was approximately even. At ages 32 and 38, the clinical procedures were identical, except that a full-mouth examination was now possible. Full-mouth data at ages 32 and 38 were converted to half-mouth data to allow longitudinal comparisons with the age 26 data. Two and three calibrated examiners were used at ages 32 and 38 respectively. Replicate examinations were not carried out at age 26 due to time constraints, but intra-and inter-examiner reliability at ages 32 and 38 were acceptable (Thomson et al. 2006 , Zeng et al. 2014 . At each age, two different case definitions for the prevalence of periodontal disease were determined by identifying Study members with 1+ sites with 4+ mm AL and with 2+ sites with 4+ mm AL (Thomson et al. 2007 ).
Measures of socioeconomic status (SES) at 26, 32 and 38 were obtained from Study members (Milne et al. 2013) . Each scale applied a six-interval, occupation-based classification of SES whereby a doctor scores "1" and a labourer scores "6". Study members with a score of "1" or "2" were allocated to the "High" SES group; those with a score of "3" or "4" were assigned to the "Medium" SES group; and those with a score of "5" or "6" were assigned to the "Low" SES group.
Study members were questioned on their smoking history at 26, 32 and 38. Those who gave a positive response to the question "Have you smoked every day for one month or more of the previous 12 months?" were categorized as current smokers.
Anthropometric parameters were assessed at 26, 32 and 38. Height was determined to the nearest 1 mm using calibrated scales. Waist circumference (WC) was recorded by measuring girth to the nearest 1 mm at the level of the noticeable waist narrowing (approximately halfway between the costal border and the iliac crest). Measurements were taken twice and the mean of two readings calculated. Waist-height ratio was recorded as the ratio of the WC to that of the person's height and was dichotomized according to established guidelines for greater risk of cardiometabolic complications with ≥0.50 generally regarded as being of higher cardiometabolic risk for both sexes (Browning et al. 2010 , Ashwell et al. 2012 . We used the waist-height ratio because a previous paper (Shearer et al. 2016) found it to be strongly associated with high HbA1c trajectory group membership, independently of sex, SES and smoking at age 26.
Statistical analysis
Analyses were undertaken using Stata IC 12.0 for Windows (StataCorp 2011, Stata Statistical Software: Release 12, College Station, TX, USA). The HbA1c data collected at ages 26, 32 and 38 were used to assign study members to trajectories applying GBTM. GBTM identifies groups of distinctive trajectories by gathering individuals into a small number of groups that show statistically similar trajectories; individuals are assigned a probability of group membership (Nagin 2005) .
The HbA1c GBTM analysisalong with a description of the sample -has been described elsewhere (Shearer et al. 2016 ) and in an online supplement. Briefly, three HbA1c trajectory groups were identified: "Low" (n = 98, 11.0%); "Medium" (n = 482, 54.0%); and "High" (n = 313, 35.0%) with mean HbA1c of 29.6 mmol/mol (4.8%), 34.1 mmol/mol (5.3%) and 38.7 mmol/mol (5.7%), respectively, at age 38 (Fig. 1) .
Bivariate associations between HbA1c trajectories and demographic, periodontal, anthropometric and smoking covariates were tested for statistical significance using Chisquare tests for proportions, and Kruskal-Wallis tests for means. An attrition analysis was conducted for the time-varying covariate GBTM sample. Statistical tests were twotailed and the threshold for statistical significance was set at p < 0.05.
Two generalizations of the GBTM were used to handle covariates. The first linked time-invariant or baseline characteristics (demographic, smoking and waist-height ratio covariates) to the probability of trajectory group membership (Nagin 2005 , Nagin & Odgers 2010 ; the coefficients produced can be interpreted in terms of odds ratio (Shearer et al. 2016) . The second added a time-varying covariate (periodontitis) to the trajectories themselves to examine whether events that occurred during the course of the trajectory altered its course (Nagin 2005 , Nagin & Odgers 2010 ; the coefficients produced are interpreted in terms of how much higher or lower a trajectory is for each unit increase in the time-varying covariate. Further details of the model generalizations are in the online supplement.
Results
A total of 893 Study members were included in the HbA1c GBTM analysis, and 799 were included in the HbA1c GBTM analysis and had a periodontal examination at all three ages -26, 32 and 38 (Fig. 2) . Bivariate analyses found that higher proportions of males, those of low SES at 26 and 38, and those who were smokers at 26, 32 and 38, were in the "High" HbA1c trajectory group (Table 1) . Mean HbA1c at each age showed clear upward gradients across the three groups from "Low" to "High". A higher proportion of Study members with 1+ sites with 4+ mm AL at 26 and 32, and with 2+ sites with 4+ mm AL at 26 and 32, were in the "High" HbA1c trajectory group. Those in the "High" trajectory group had higher mean waist-height ratio at 38, and a higher proportion of high waistheight group members at 26 and 38.
The first generalization of the HbA1c GBTM model (N = 784) linked baseline (age 26) covariatessex, SES, smoking, periodontitis (as measured by the prevalence of 1+ sites with 4+ mm AL) and high waist-hip group membership to the probability of group membership. Being male, being a smoker and being in the high waist-height ratio group increased the odds of being in the "High" trajectory; being a smoker also increased the odds of being in the "Medium" trajectory (Table 2) .
For the second generalization of the HbA1c GBTM model (N = 784), the time-varying covariate periodontitis (as measured by prevalence of 1+ sites with 4+ mm AL) was added to the trajectories themselves to examine whether periodontitis at 32 and 38 altered the course of the "Low", "Medium" and "High" HbA1c trajectories. An attrition analysis conducted for this sample found that there were proportionately fewer individuals of low SES and smokers at 26, 32 and 38 included in this analysis (data not shown).
All of the coefficients were positive, indicating that having periodontitis (as defined by having 1+ sites with 4+ mm AL) at 32 and 38 was associated with an upward shift in trajectory (Table 3 ). Only the "High" trajectory coefficients had confidence intervals that did not contain the value zero. The addition of periodontitis case status to the model raised the BIC to À5628.83. These values represented an improvement of 12.2% over the A detailed examination of the predicted values for each of the trajectories confirmed this upward shift associated with periodontitis for the "Low", "Medium" and "High" trajectories at ages 32 and 38 (Table 4) . This shows the predicted values for HbA1c for two scenarios: (1) no periodontitis at any age; and (2) no periodontitis at 26, and periodontitis at 32 and 38. Neither scenario has periodontitis at age 26, so the values are the same at this age. At ages 32 and 38, the differences between the two scenarios can be seen. However, overlapping confidence intervals were seen for all of the parameters. While the upward shift in the trajectories can be seen graphically, the overlapping confidence intervals are also evident (Fig. 3) . A more detailed explanation of these findings is in the online supplement.
As a sensitivity analysis, this generalization was carried out for the more rigorous periodontitis case definition of 2+ sites with 4+ mm AL. The findings were similar to those for 1+ sites with 4+ mm AL analysis (see online supplement). In addition, the generalization was also carried out using body mass index (BMI) as the obesity measure, and the findings were almost identical to those in which waist-height ratio was used (see online supplement). Finally, a second analysis of the data were carried out using linear mixed effect modelling which integrates both fixed and random effects, and this found no associations between mean AL and HbA1c (see online supplement).
Discussion
The DMHDS data have provided a unique opportunity to explore the associations between periodontitis and dysglycaemia in an initially healthy population over 12 years from early adulthood into early middle age. This study is the first to examine the longitudinal associations between periodontitis and dysglycaemia, as measured by HbA1c, at an early stage in the glycaemia continuum. GBTM was used to track developmental trajectories of HbA1c over 12 years (Shearer et al. 2016) . This paper used a GBTM generalization to identify effect modifiers associated with deviations from the group trajectory. In this way, associations of periodontitis with the HbA1c trajectories in the fourth decade of life were explored. A minimal difference in mean HbA1c was seen between those with periodontitis, and those without periodontitis. However, overlapping confidence intervals between those with and those without periodontitis meant that an effect by periodontitis on HbA1c trajectory groups could not be established.
The strengths of this study include the use of a birth cohort with a very high retention rate; standardized age; comprehensive objective data on both periodontitis and glycaemia at three points over 12 years; and the use of GBTM to explore the influence of periodontitis on the HbA1c trajectories in the fourth decade of life. The former means that sample is representative of its source population (the South Island of New Zealand). The issue of whether the findings can be generalized to the whole New Zealand population, and to other populations (particularly the United States) must be considered. A 2006 paper provided broad support for the generalizability of the Dunedin Study findings to the total New Zealand population . Another paper concluded that the periodontal findings from the Dunedin Study can be generalized to the New Zealand and US populations (Thomson et al. 2006) . The prevalence of dysglycaemia in the cohort was consistent with data from the United States (Marcinkevage et al. 2013 ) and the United Kingdom (Wilmot et al. 2013) , and it is therefore likely that the findings are generalizable to these populations. The use of GBTM to identify latent HbA1c trajectory groups is a further strength of this study. The main advantage of GBTM over other trajectory modelling techniques is that it does not determine a priori the existence of trajectories of a specific form; rather, it allows distinctive latent developmental trajectories to emerge from the data (Nagin 2005) . It facilitates the examination of factors that may determine trajectory group membership or trajectory course, and it enables the dissemination and communication of findings in a form which is readily understood by nontechnical audiences. In addition, while any attempt to categorize risk must be regarded as somewhat arbitrary, GBTM differs from the practice of defining thresholds for normoglycaemia, pre-diabetes and diabetes; essentially, those are stages in the natural history of dysglycaemia rather than separate diseases. GBTM instead characterizes risk in terms of a subpopulation's developmental trajectory, and it provides a different perspective on identifying those most at risk. Generalizations of the model allowed the statistical linking of baseline characteristics to group membership probability, and identified effect modifiers associated with deviations from the group trajectory. Some limitations must be acknowledged. Although the proportion (7.5%) who self-identified as M aori at age 26 in the cohort does match the proportion of M aori in the South Island, M aori are under-represented with respect to the total New Zealand Maori (14.9% in the 2013 Census) population. The DMHDS data are right-censored. Data to age 38 have been gathered, but we have no information on what will happen beyond this age. No appropriate data on diet were available. The ideal protocol for periodontal studies is the full-mouth examination of six sites per tooth (Savage et al. 2009 , Papapanou 2012 . Although full-mouth periodontal examinations were carried out at ages 32 and 38, it was necessary to convert these to half-mouth data to allow longitudinal comparisons with the age 26 data. In addition, recordings were made from three sites only per tooth. This has likely led to underestimation of the prevalence of periodontitis, and possibly an attenuation of the strength of the associations between periodontitis and dysglycaemia. However, research has shown that, of the three random half-mouth protocols in general use, the one used in the DMHDS (threesite mesiobuccal, mid-buccal and distolingual) produced less bias than the others (Susin et al. 2005) . Finally, the power of the study may have been a limitation with a small number of participants with periodontitis in the "Low" trajectory group.
There is substantial evidence that periodontitis is associated with type 2 diabetes; it is plausible that the chronic inflammation of periodontitis may influence glycaemic control in susceptible individuals. However, there have been conflicting findings, with some studies suggesting that periodontitis may influence HbA1c levels, IGT and glycaemic control in those with diabetes or diabetes risk (Saito et al. 2004 , Demmer et al. 2010 , Choi et al. 2011 , Morita et al. 2012 , Borgnakke et al. 2013 , Arora et al. 2014 , Lamster et al. 2014 , and others finding no associations (Saito et al. 2005 , Kowall et al. 2015 . The three studies by Saito and colleagues on Japanese samples had inconsistent findings: a greater risk of progression to IGT with greater periodontal probing depth (Saito et al. 2004) ; no associations between IGT and either deep pocketing or severe attachment loss in a female-only subsample of the previous study (Saito et al. 2005) ; and associations between alveolar bone loss and IGT in a different sample (Saito et al. 2006) . A 2010 German paper found periodontitis at baseline in non-diabetics to be associated with HbA1c progression 5 years later (Demmer et al. 2010) , while a biological gradient was observed between periodontitis and IFG in a US sample (Choi et al. 2011) . Another Japanese study found associations between periodontitis at baseline and the risk of higher HbA1c 5 years later (Morita et al. 2012 ). Lamster et al. (2014) found that participants with previously unidentified pre-diabetes had periodontitis experience at a level between those observed for normoglycaemic participants and those with diabetes. By contrast, a recent SHIP-Trend study found no association between pre-diabetes and the extent of teeth with 4+ mm AL or mean probing depth (Kowall et al. 2015) . Meanwhile, the Continuous NHANES 2009-2010 survey found associations between severe periodontitis and IGT, but not IFG, and no associations between moderate periodontitis and either IGT or IFG (Arora et al. 2014) . Of these studies, one was retrospective (Saito et al. 2004 ) and two were prospective (Demmer et al. 2010 , Morita et al. 2012 . However, participation/retention rates were low, so the findings were not generalizable to the source populations.
Comparisons between this study and others are not straightforward. First, the age groups in the other studies were both older and (with the exception of the Saito et al. 2006 paper) had a wider range of ages. The Saito studies had participants aged The fully adjusted model includes both time-invariant covariates (sex, SES at 26, smoking at 26 and membership of the high waist-height group at 26) and the time-varying covariate (periodontitis). 40 years and older (Saito et al. 2004 (Saito et al. , 2005 and 50-55 years (Saito et al. 2006) . Both the SHIP and the NHANES III samples were 20 years and older (Demmer et al. 2010 , Choi et al. 2011 (Arora et al. 2014 , Lamster et al. 2014 , Kowall et al. 2015 . Second, studies have used different definitions for dysglycaemia. Most papers used IGT as an indicator of dysglycaemia (Saito et al. 2004 , 2005 , Choi et al. 2011 , Kowall et al. 2015 ; changes in mean HbA1c were used in two studies (Demmer et al. 2010 , Morita et al. 2012 ; and HbA1c levels recorded by a point-ofcare device were used in one (Lamster et al. 2014) . Another study found that whether there were associations or not depended on how dysglycaemia was assessed: either by IGT or IFG (Arora et al. 2014 ). This study used mean HbA1c to track glycaemic levels over the 12 years. While no method of measurement is perfect, research indicates (and many organizations are currently recommending) that HbA1c be used for screening and diagnosis of diabetes (The International Expert Committee, 2009; World Health Organization, 2011; American Diabetes Association, 2014) .
Third, there was even more variation among studies in how periodontitis experience was defined. Globally, there is a lack of standardization and agreement in establishing criteria for the diagnosis of the condition, so comparisons among studies are problematic (Page & Eke 2007 , Hugoson & Norderyd 2008 , Leroy et al. 2010 . Within the studies examining the associations between periodontitis and diabetes, periodontitis was variously assessed by the Community Periodontal Index of Treatment Need (Morita et al. 2012) , clinical attachment loss (AL) and pocket depth (Saito et al. 2004 , 2005 , Demmer et al. 2010 , Choi et al. 2011 , Arora et al. 2014 , Kowall et al. 2015 , pocket depth only (Lamster et al. 2014) , and by alveolar bone loss determined radiographically (Saito et al. 2006) . Most periodontal examinations (including the age-26 data in this study) were half-mouth only (Saito et al. 2004 , 2005 , Demmer et al. 2010 , Choi et al. 2011 , Kowall et al. 2015 ; full-mouth recordings were made in only two studies, and those were both cross-sectional (Arora et al. 2014 , Lamster et al. 2014 . For this study, it was necessary to convert the age 32 and 38 measures to half-mouth data, and data were gathered from only three sites per tooth.
This study focused on the 12 years between ages 26 and 38; this is a time of life when the foundations of poor health are being laid down, but it may also be a developmental epoch in which it is just too early to see clear associations between periodontitis and dysglycaemia. While the prevalence of both conditions was relatively high in the Dunedin cohort by age 38, the experience of neither was very severe. We could not demonstrate periodontitis to be a predictor of dysglycaemia at this early stage in the life course in this initially healthy cohort. Since both periodontitis and dysglycaemia generally worsen with time, it is possible that such associations may develop as the cohort ages (Pani et al. 2008 , Kassebaum et al. 2014 ).
Conclusions
In this initially healthy population, periodontitis was not found to be associated with dysglycaemia over 12 years from early adulthood into early middle age. This suggests that any influence periodontitis may have on glycaemic health develops later in life. This finding adds to the theoretical understanding of how these two conditions interrelate, and it gives rise to new hypotheses. It is possible that dysglycaemia may need to reach a particular threshold of severity to be influenced by periodontitis, or periodontitis may need to reach a particular threshold of severity to exert an influence on dysglycaemia, or a combination of the two. It is essential to continue to study the complex links and temporal relationship between the two conditions in order to understand how they develop and interact over the next decades of life.
